ABSTRACT A six-port 3 × 3 series-fed planar antenna array design for dual polarized X-band airborne synthetic aperture radar (SAR) applications is presented in this paper. The antenna array patches interconnected with series feeding one to another as the structure to realize directional radiation and vertical/horizontal polarization. The patch elements are excited through 50 microstrip line feeding in series with quarter wave transformer for good impedance characteristics. A six-port feeding allows selecting the direction of the traveling waves, and consequently the sense of linear (vertical and horizontal) polarization. A prototype of the antenna is fabricated and validated the proposed method. The dimensions of the fabricated prototype 3×3 array antenna are 3.256λg×3.256λ g ×0.0645λ g (λ g is guided wavelength at center frequency 9.65 GHz). The measured S 11 < −10 dB reflection bandwidths are 1.4% at each port. Furthermore, an interport and intraport isolation S21<-25 dB was also achieved across the operation band. The measured peak gains are higher than 11.5 dBi with 90% efficiency for all individual ports/polarizations V1, V2, V3 H1, H2, and H3). In order to satisfy the different performance requirement of series-fed array antenna, such as realized gain, radiation efficiency, side lobe level, half power beam width and front to back ratio are also examined. Measured results of an antenna prototype successfully validate the concept. The proposed antenna is found suitable for dual polarized airborne SAR applications.
I. INTRODUCTION
Airborne SAR (Synthetic Aperture Radar) systems is an end-to-end multimode X-band SAR systems with real-time capabilities are designed for military applications like tactical surveillance and target reconnaissance. Compact and lightweight radar system designs are perfectly suited for installation on UAVs, small aircraft, helicopters and lighterthan-air vehicles. [1] . The Dual polarized antenna is suitable for polarization diversity applications and to increase communication capacity. Proposed structure can enhance the information content by providing two co-polarized and two cross-polarized back scattered data. The SIR-C shuttle imaging radar operated at L and C-bands with dual polarization at each frequency. Antennas with diverse characteristics can be used in new generation radar systems to meet a compact design for airborne or spaceborne SAR systems. Antenna technology using dual polarization is of massive use in communication, especially in the view of the gradual increase in demand for communication channels. Such a technology also should help in reducing a cost of antenna, weight, as well as improving radar cross section (RCS).
Efficiency of phased array system depends on the performance of low noise amplifier (LNA) and phase shifters which can be achieved with the designs of a high-performance phase shifter and LNA in CMOS technology [2] . Different antenna array schemes along with the hand effect on the antenna array at 15 GHz presented in [3] . The extended-resonance technique along with the heterodyne-mixing concept proposed in [4] . This is capable of reducing the complexity of phased arrays by eliminating separate power dividers and phase shifters. A single phase shifter and a separate gain controller for each antenna in [5] were presented to enable a low-cost and less complex phased-array system. A new electronic beam forming in a limited scan range approach that requires only a single phase shifter and a single gain controller, independent of the number of antenna elements has been introduced [6] . Corporate feed and Series-feed networks are two possible arrangements for feeding these types of arrays presented by James et.al [7] . Compared with corporate arrangements, series-feed networks have the benefits of simplicity and compactness, which can translate into lowloss feeding structures proposed by Pozar et.al [8] . In the case of corporate feeding network, numerous power dividers containing many discontinuities and long transmission lines causes spurious radiation and significant dielectric loss. Conversely, the series-fed structure uses short transmission lines and enhances antenna efficiency presented in [9] . Improved impedance matching and radiation pattern characteristics of the series-fed arrays were presented in [10] and [11] by using a matching-in-step taper or stepped impedance linear configuration and adopting the method of the modified transmission line model in a 2-D array respectively. James et.al [7] , demonstrated coupling mechanisms for series-fed arrays include direct (microstrip line and co-axial probe feed), proximity coupled and aperture couplings. Arrays based on direct coupling include cascaded patch arrays provided in [12] and combline antennas provided in [13] . In contrast to aperture coupling [14] , direct coupling microstrip line) usually requires a simpler coplanar structure rather than a multilayer design. Carter et.al [15] and Owens et.al [16] proposed series-fed arrays based on a coplanar proximity coupling mechanism. Recently authors reported X-band 1 × 2 linear array design with direct coupling at 9.3 GHz center frequency with series feeding method in both xz-and yz-planes [17] .
In this paper, a new 3 × 3 patch planar array antenna prototype operating at 9.65 GHz for the airborne SAR applications is introduced. Dual-polarization operation can enhance the information content by providing two co-polarization and two cross polarization scatter data. The SIR-C shuttle imaging radar operated at L and C bands with dual polarization at each frequency, with a bandwidth of 10-20 MHz [18] . The proposed design offers a bandwidth Section II describes the details of the antenna requirements. The configuration of the proposed array antenna is presented and discussed in section II. In section fabricated and measured results are discussed for all individual ports. Finally, the conclusions of this work are given in Section IV.
II. ANTENNA GEOMETRY
The proposed antenna configuration is, 3 × 3 series-fed array. This 9.65GHz six-port 3 × 3 planar array consists of a 50 microstrip line direct coupling through the quarter wave transmission line (λ g /4) to match the antenna impedance and series feeding for array and 6 square patch elements at the top layer. The square array geometry with patch elements with series feed line can miniaturize the antenna losses. A 31mil (0.787mm) thick with 1Oz i.e. 0.035mm thick copper Rogers RT/Duroid 5880 copper cladding substrate with relative permittivity ε r = 2.2 and loss tangent tan d = 0.0009 is chosen as the antenna material [19] . Gold plated Amphenol RF Subminiature-A (SMA) male extended legs (Part no: 132134) connector was used to solder the microstrip line feed. All simulations process are performed using CST Microwave Studio 2016 [20] , an industry standard software simulator which is based on Finite Element Method (FEM) for frequency domain and FIT-Finite Integration Technique for time domain that is equivalent to FDTD-Finite Difference Time Domain.
A. THE GEOMETRY OF 6-PORT PLANAR ARRAY DESIGN Fig.1 (a) shows the configuration of the 3 × 3 series fed with 6-ports planar array. The S 11 shows the best case quarter wave transformer width (QTW = 0.28); Quarter wave transformer length (QTL = 2) (λ g = 24.57; λ g /4 = 6.14 with optimization for the resonant frequency of 9.65GHz the value of quarter-wave transformer is 2 mm which is approximately λ g /10) and QTW = 0.28mm (≈146 ). This impedance variation is because of array environment. The effect of series feeding leads to impedance change in quarter wave transformer (λ g /4). The nine square patches are connected to each other by series feeding in a 2-D manner using the lines with dimensions of SFW and SFL are 1.9mm and 20mm from the one patch feed point to another. To design a 0.7λ array in both XZ and YZ planes, the value of SFL was selected to be 20 mm which provides a scan angle of ±25 0 in the elevation plane from zenith angle of the upper hemisphere based on the equation (1-2). To improve the impedance matching between the elements the value of SFW was optimized to 1.9mm (≈59 ). Table 1 shows the dimensions of the designed prototype.
The optimization was done so that the array will have the maximum gain and good matching at broadside direction. The impedance bandwidth is from 9.52GHz to 9.76GHz for return loss S11 < −10dB. Also across the impedance bandwidth, the isolation is below −25 dB, with the isolation at the resonant frequency about −26 dB. By using the simulation software CST, simulated surface current distribution, in the microstrip line feed and radiating patch for the cases with QTL, QTW, MTL and MTW were obtained at resonant frequency 9.65 GHz and shown in Fig. 2 .
dx = Inter-element spacing between the elements in x-direction dy = Inter-element spacing between the elements in the y-direction θ = Maximum scan angle, λ = free space wavelength at 9.65GHz λv = free space wavelength in V-port λh = free space wavelength in H-port 
III. FABRICATED AND MEASURED RESULTS
The X-band 6-port square patch array antenna with its center frequency 9.65 GHz has been fabricated and measured to validate the design. The fabricated prototypes with top and bottom views are shown in Fig. 1(b) . The S-parameters are measured using Agilent N9918A field fox microwave analyzer and the radiation patterns and gain were measured in an anechoic chamber with a standard gain horn as reference antenna (supplier: Haining ocean import and export Co. Ltd) of 6m × 4m × 3m (L × W × H) with Agilent PNA series network analyzer N5230C (10MHz to 40GHz) Analyzer. The measurement setup for both S-parameters and radiation pattern are shown in Figure 1 (c). Following subsections deals with two cases for vertical and horizontal port excitations individually.
A. VERTICAL PORT-1 EXCITED Fig. 3 shows the comparison between the simulated and measured S-parameters and gain of the proposed single port antenna. For V1-port the simulated return loss bandwidth S11 <-10 dB achieved is 9.59-9.71 GHz or 1.4 %, while the measured bandwidth results are in the range from 9.591-9.712 GHz or 1.4 % at the center frequency of 9.65 GHz. Fig 3(c-d) shows the port isolation lower than −25 dB interport isolation (S21 refers to V2-V1, S31 refers to V3-V1) and intraport isolation (S41 refers to H1-V1, S51 refers to H2-V1 and S61 refers to H3-V1). This is achieved with the selection of appropriate dimensions of quarter wave and matching transformer feeding position.
The measured and simulated antenna gain and simulated efficiency against the frequency of the proposed antenna prototype at V1-port are shown in Fig. 3 (b) . At the center frequency, V1-port achieves a peak antenna gain of 11 dBi with a gain variation of less than 0.2 dBi over the impedance bandwidth. By considering the simulated directivity and the VOLUME 6, 2018 The measured and simulated radiation patterns in terms of the E-plane and H-Plane 2D polar plots are shown in Fig 4. Exciting RF antenna vertical port-1, it is observed that the E-plane with co-pol and cross-pol components has a main lobe magnitude of 12.5 dBi, Side lobe level of −25.4 dB, front to back ratio (FTBR) 32.83 dB and half-power beam width (HPBW) of 71.2 0 respectively. In contrast, the H-Plane with its co-pol and cross-pol components has a main lobe magnitude of 11.3 dBi, side lobe level of −10.2 dB, FTBR is higher than 32 dB and an HPBW of 25 0 respectively. The other antenna performance characteristics for V2-port and V3-port such as side lobe level (SLL), front-to-back (FTBR) ratio, gain, radiation and total efficiencies and crosspolarization level are calculated and summarized in Table 2 .
B. HORIZONTAL PORT-1 EXCITED Fig. 5 shows the measured S-parameters and gain at X-band in comparison with the simulated ones. It is observed that the measured results agree reasonably well with the simulations. For X-band operation, a measured bandwidth from 9.569 to 9.701 GHz (FBW = approximately1.4%) is achieved for the H2-port. At the center frequency of 9.65 GHz, the measured return losses are over 20 dB for all the three horizontal ports.
In the operation band, the measured isolation is less than −25 dB between the two ports/polarizations. Fig 5 (c-d) shows the port isolation reaching values higher than 25 dB interport isolation (S45 refers to H1-H2 and S46 refers to H1-H3) and intraport isolation (S41 refers to H1-V1, S42 refers to H1-V2, and S43 refers to H1-V3). The disagreements between the simulated and measured results at the three bands are mainly caused by the fabrication errors and the alignment tolerances. The realized antenna gains and efficiency of the proposed antenna were presented in Fig. 5 (b) . As shown in the figure, the measured gain curve shows reasonable agreement with the simulated gain curve. In the operational band (9.591-9.712 GHz), the simulated gains range from 11.3-12.5 dBi, while the measured gains range from 11.1-12.3 dBi.
The radiation patterns in the X-band are shown in Fig. 6  (a) (b) and (c), The measured gain can achieve 11.3 dBi (Hplane i.e. XZ-plane) and 12.1 dBi (E-plane i.e. YZ-plane) for broadside radiation in the X-band, respectively. The other antenna performance characteristics for H2-port and H3-port such as side lobe level (SLL), front-to-back (FTB) ratio, gain, radiation and total efficiencies and cross-polarization level are calculated and summarized in Table 2 .
C. BEAM SCANNING MECHANISM
The combined V-port and H-port 3×3 planar array configuration is illustrated in Fig.7 . The beam scanning is achieved by applying the different excitation phase values to the 3-input ports for vertical polarization and 3-input ports for horizontal polarization. To study the beam scanning capability of the 3 × 3 array antenna and because of the symmetry, first all the ports are excited with zero degree phase and equal amplitude which results in a maximum gain equal to 19 dBi in the broad side direction (θ = 0 0 ). Here the SLL is -23 dB at both E-plane and H-plane. Next, the phase of the vertical and horizontal ports are adjusted to 22. output at all these respective tilting angles. A gain variation of less than 1.4 dBi (17.6 to 19 dBi) has been observed over the tilt angle ±25 0 .
IV. CONCLUSION
In this paper, a new nine-element square patch array antenna design at 9.65 GHz for the airborne SAR applications has been introduced. In this paper, an X -band dual-polarized antenna array is presented. The square patch, microstrip line feeding for an element, and series feeding for an array are employed as a design of the 6-port 2D 3 × 3 planar array. The consideration of arranging the radiation elements as well as the feeding networks are detailed. To accommodate the six ports within a compact area, the techniques of microstrip line feed is adopted. The series feed network of the X-band is placed on the same layer. The proposed antenna array is optimized, fabricated and tested, showing a good impedance matching bandwidths of 1.4%, for all 6-ports at X-band, respectively. The isolations between the two interport and intraport polarizations between all ports are around −25 dB. The antenna also exhibits an excellent radiation performance in terms of the side lobe, gain, efficiency, and cross-polarization. The advantages of the proposed antenna include low profile, low cost, high integration capability and easy in fabrication. A detailed comparison of performance between the all individual ports has been presented. The proposed array antenna is a good candidate for airborne SAR applications.
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